Although corrosion resistance and mechanical properties of sol-gel coatings have been studied independently, there are limited studies that consider both collectively. However, since any form of mechanical damage could impair the protective function of the coating, it is prudent to consider the mechanical durability of coatings as well as their corrosion resistance.
Highlights:
-Effect of SiO2 on morphology and mechanical properties in a sol-gel coating was studied -SiO2 surface treatment improved mechanical durability and corrosion resistance -Importance of studying mechanical and corrosion resistance properties of
Introduction
The use of nanomaterials in the formulation of coatings is very promising [1] .
Nanoparticles can be added to coatings to provide various new functionalities and advantages. The choice of which nanoparticle is used depends on the desired property. Nanosized pigments and fillers, nanopolymer dispersions, and nano-additives are now commercially available and many more are in the development stage, designed as a consequence of the current advances in nanotechnology. Nanotechnology is used in many different industries and for many different applications. It can be used to develop nanoparticles which can deliver drugs to diseased cells [2, 3] enhance the efficiency of solar cells [4] , produce coatings with superior mechanical properties [5] [6] [7] [8] [9] [10] [11] [12] , or enable nanoadditives for use in anti-corrosion coatings [13] [14] [15] [16] [17] [18] [19] .
Many studies have been carried out to demonstrate the influence of nanoparticles on corrosion resistance of coatings on steel [13] [14] [15] [16] [17] [18] [19] or light metals [20] [21] [22] . There are many examples in the literature of the use of a range of the incorporation of fillers to improve coating properties. These can be categorised as additives with layer structures [23] [24] [25] [26] [27] [28] [29] or by functional attribute such as barrier properties [30] [31] [32] , corrosion inhibition [14, 15, 33, 34] or mechanical performance [32, 35, 36] . Similarly, the number of publications on the influence of mechanical properties of coatings has been growing [37] . However, whilst few researchers have developed an understanding of the correlation between durability, morphology and functional performance [38] it is an area of active interest. The approaches reported to date essentially describe a combinatorial approach were available materials are combined in various ways and the properties of the resultant material evaluated. The complexity of matrixfiller-processing options make an holistic approach to the identification of the most effective combination extraordinary difficult. The fact that there is no meaningful definition on how to describe organic-inorganic hybrids illustrates the challenge, although both Novak [39] and Sanchez [40] have suggested categorisation definitions.
Incorporation of nanoparticles in a polymer matrix modifies the physical and mechanical properties of the matrix leading to some new characteristics which may improve the performance of the coating if added in the correct manner with an appropriate quantity. The final properties are affected by many factors and the interaction between the nanoparticles and the matrix as well as the degree of dispersion play a critical role [41] [42] [43] [44] . Understanding the consequences of nanoparticles on durability and mechanical properties is important to ensure adequate and reliable corrosion protection. There are many factors affecting degradation of coatings and corrosion, some of them are summarised in Figure 1 .
For many applications, such as offshore, coatings need to provide not only effective corrosion protection but be robustly resilient. Mechanical damage can impair the protection characteristics of barrier coatings and compromise materials' integrity affecting assets, environment and people. Thus, it is important to evaluate both the mechanical durability and corrosion resistance of coatings.
Sol-gel based coatings, despite decades of research and many potential advantages, have not been as widely adopted as they could [45] . Several groups have studied the mechanical properties of these types of coatings on different substrates such as plastics, glass, aluminium or metals [5, 11, [46] [47] [48] [49] [50] [51] [52] . Even though mechanical properties are dependent on many factors, such as the nature of the precursors, the reaction parameters or the coating deposition and curing, an improvement has been observed when nano-additives are incorporated into sol-gel matrices [6, 41] .
One of the challenges with the addition of nanoparticles is the dispersion into the hybrid matrix. If the nanoparticles agglomerate the result is coatings with poor mechanical properties [37] . In order to overcome this, the surface of nanoparticles can be modified to improve their interaction with the matrix [43, 44, 52, 53] . Our previous work [54] showed that the surface treatment of silica nanoparticles provides greater compatibility with the solgel derived matrix, compared with unfunctionalised silica added to the same matrix, leading to a more homogeneous and flexible coating, which is in line with other work [43, 44, 52, 53] .
Some important parameters to evaluate mechanical properties of coatings are hardness, elastic modulus and fracture toughness. Nanoindentation and scratch testing are the most widely used techniques to measure mechanical properties of thin coatings. Their applicability and practical use to evaluate sol-gel coatings and nanoparticle-loaded sol-gel coatings has been demonstrated [55] .
This work reported herein in part of a later programme attempting to establish some preliminary design rules of the fabrication of silica nanoparticles, their incorporation into coatings and resin systems and their subsequent impact on final material properties. The specific focus of this work is to develop an understanding the impact of unfunctionalised and functionalised silica nanoparticles on the mechanical properties and durability of a sol-gel derived coating. We relate this to our previous work [54] which showed that the addition of silica nanoparticles helped increase the coating homogeneity, which led to an improvement in coating performance. However when these nanoparticles were surface treated, an enhancement in nanoparticle distribution and coating homogeneity was observed possibly due to a stronger nanoparticle-matrix interface, which led to an increase in corrosion resistance. The aim of this work is to understand the impact of these silica nanoparticles on the mechanical properties of the loaded polysiloxane coating, and determine whether these characteristics are improved in conjunction with the corrosion resistance observed and reported previously. We will report on the particle distribution and morphological aspects in a later publication. was carried out at TWI Ltd., Cambridge, using a standard Stöber method [56] . As this Stöber silica is dispersed in a liquid phase, this makes these nanoparticles easily manageable for any additional treatment. In this work, as-synthesised silica was functionalised with GPTMS and had a nanoparticle size of ~ 30 nm.
Experimental

Materials synthesis
The coating matrix was created using sol-gel chemistry with TES40 and GPTMS used as precursors (in a TES40/GPTMS molar ratio of 1:1.8), in the presence of acidic catalyst of
HCl with water and Industrial Methyl Spirit (IMS) as solvents, where then silica nanoparticles were incorporated. The synthesis and coating preparation of the sol-gel based matrix and the silica nanoparticles, both unfunctionalised and functionalised with GPTMS, has been reported previously [54] . Prior to coating deposition, steel panels were cleaned with IMS to remove grease and/or contaminants and then the coatings were applied manually using 50 m wire wound bars on to the steel panels (Elcometer, Manchester, UK). The coated samples were then dried and cured at 90 °C for 2 h in an oven, afterwards the coating thickness was measured to be 20-40 m [54] .
Both types of silica nanoparticles, unfunctionalised and functionalised, were incorporated into the coating matrix to a 10 wt. % loading level.
Coating characterisation
Adhesion of the coating to the substrate was measured by the cross-cut tape test method following ASTM D3359 -09e2, which specifies a procedure for assessing the adhesion resistance between coatings and substrates when a lattice pattern is cut into the coating.
Adhesion is rated from 5B to 0B depending on the extent of loss of the coating with 5B
indicating no loss and so excellent adhesion. The indentation depth was less than one tenth of the coating thickness, 20-40µm as reported in [54] , in order to measure the properties of the coating without significant interference of the substrate [55] .The data was analysed using a power law fitting procedure by Oliver and
Pharr [57] , to derive the hardness and modulus values. Since this analytical technique just provides the reduced modulus, Er, the following equation (1) was used to obtain the Young's modulus, E:
where i is the indenter Poisson's ratio and has a value of 0.07, Ei is the indenter modulus and is equal to 1140 for diamond and is the Poisson's ratio associated with the sol-gel coating and it is estimated to be 0.225 [55] .
The coatings were also evaluated by electrochemical measurements, which were performed using a conventional three-electrode cell with 3.5 wt.% NaCl electrolyte at ambient conditions. The working electrode was the coated sample (exposed area 15.2 cm 2 ), the reference electrode was Ag/AgCl (4M KCl) type and the counter electrode was a Pt/Ti wire. The polarisation was carried out in sets of 3 samples for each coating system.
Experiments were performed in 3.5 % NaCl solution using an Ivium pocketSTAT (Ivium, Netherlands). Initial open circuit potential, Eoc, was taken and then the polarisation was acquired with a scan rate of 0.167 mV/s in the region from -20 mV vs Eoc.
Erosion resistance
Measurement of the resistance of the candidate coatings to sand erosion was undertaken using a submerged impingement jet [58] . The submerged impingement jet reservoir was filled with 50 L of water and 1000 mg/L of sand that was recirculated through a dual nozzle arrangement onto the flat specimens at an angle of 90°, positioned 5 mm from the exit of the nozzle. Spherical sand particles were used with an average particle diameter of 250 m. The solution was sparged with nitrogen (N2) during the test and for a minimum of 12 hours prior to starting the test, to reduce the dissolved oxygen concentration in the solution to below 50
ppb. Tests were conducted in 3 different specimens for each formulation at a flow velocity of 15 m/s and a temperature of 25 °C. The mass of the samples was measured before and after the test using a mass balance accurate to 1 g. After the erosion tests, samples were profiled using a Bruker NPFLEX 3D optical profiler.
Results and discussion
Coating morphology
An important parameter influencing mechanical properties of any coating is the interface between the substrate and the coating and particularly the adhesion of the coating to the substrate. It was observed that the cross hatch squares on the coating matrix showed no cracking or chipping and the coating was rated as 5B. Introduction of nanoparticles can lead to an increase in hardness and rigidity of the coating, however coatings with unfunctionalised as well as functionalised nanoparticles didn't show any cracking or chipping, the edges of the cuts are completely smooth without any lattice detached so they were also rated as 5B.
An increase in coating homogeneity can be seen in the AFM topography images in Figure   2 , where a smoother surface structure is observed for the coating with functionalised nanoparticles. This is also reflected on the roughness values gathered after AFM analysis, which was performed on an area of 10 µm x 10 µm for all formulations. The average roughness, Ra, and the root mean square roughness, Rq, represented in Figure 3 were used to characterise surface topography.
It can be observed from Figure 3 This is an indication that roughness is related with nanoparticle distribution: the coating with non-functionalised silica nanoparticles presented some degree of agglomeration and nanoparticles concentrated at particular regions which made this coating rougher. Conversely, the introduction of functionalised silica to the sol-gel based matrix showed no agglomeration of nanoparticles leading to smallest surface roughness. This decrease in roughness could be explained by the surface functionalisation of the silica surface which made the nanoparticles more compatible with the matrix improving the dispersion and homogeneity of the formulation.
Mechanical performance
Important parameters describing the mechanical properties of coatings are the hardness, H, and Young's modulus, E, which were obtained with nanoindentation. Hardness is a measure of material resistance to plastic deformation and depends on the rigidity of its bonding network while the Young's modulus is a measure of the material resistance to elastic deformation and thus, related to the bond strength between atoms. Figure 4 shows the hardness and Young's modulus values for all formulations. A potential increase of hardness with the addition of non-functionalised silica nanoparticles can be noticed, hardness value that is even higher when the functionalised silica is incorporated to the matrix.
A similar trend is observed in Figure 4 for the Young's modulus, where again the addition of silica led to an increase in modulus. This was expected since the modulus of silica, E = 70
GPa [59] , is much greater than the base matrix. The increase in modulus was even more noticeable when the nanoparticles were surface treated. This could be explained by the better compatibility between the matrix and the functionalised nanoparticles leading to a more uniform distribution giving a more resistant material to elastic deformation. This enhanced compatibility is due to the silylation used for the surface modification, where the glycidoxypropyl groups from the GPTMS may be grafted onto the silica nanoparticles which then are incorporated into the polymer network through covalent bonds. The formation of covalent bonds between the nanoparticles and the polymer matrix can favour crosslinks enhancing the network density of the final material [43] .
The ratio of hardness to Young's modulus, H/E, also termed brittleness index has been shown to be proportional to the resistance of wear [52, 60, 61] . It can be observed from Figure 5 how the addition of silica produced a decrease in the brittleness index, with the coating containing functionalised silica nanoparticles presenting the lower value. This is in line with the previous results showing that surface treatment increased crosslinking and compatibility matrix-nanoparticles creating a less brittle and more durable coating.
A comparison of the effect of the incorporation of both non-functionalised as well as epoxy-functionalised silica nanoparticles into the based matrix on hardness, elastic modulus and brittleness index is shown in Table 2 . The incorporation of functionalised silica led to increased hardness and elasticity by a factor of 1.5 and 1.8 relatively compared with the nonfunctionalised, while the brittleness decreased by a factor of 1.2. Thus, the incorporation of functionalised silica nanoparticles led to harder, more elastic coatings whilst also decreasing brittleness.
As mentioned earlier, fracture toughness is also an important parameter to characterise mechanical properties of coatings. Fracture toughness, Kc, measures the ability of a material to resist crack propagation and can be estimated by using the following relation [62] :
where is a constant which depends on the geometry of the indenter (0.016 for a Berkovich type indenter), P is the peak indentation load and c is crack length. In this equation (2), P/c 3/2 refers to the ability of the materials to resist crack propagation and E/H 1/2 refers to the potential to resist a possible fracture [63] . Thus, the ratio (E/H) 1/2 will be used to indicate the comparative toughness of these materials in this work. Figure 6 shows an increase in toughness from the matrix to the coatings with silica nanoparticles, presenting higher toughness the coating with functionalised silica. This increased toughness could be a result of the decreased defect density and increased chemical bonding.
As mentioned earlier, it is important to evaluate and correlate mechanical durability with corrosion resistance to assess the reliability of coatings used in industrial applications.
Results indicate that the corrosion behaviour is not only dependent on coating quality but also on roughness. An increase in surface roughness has been related to increased corrosion rate and this behaviour has been reported by other authors [64, 65] . Roughness also results in the reduction of effective thickness and this may well result in the reduction of water uptake time.
Electrochemical behaviour
To determine the defect density of the coatings, potentiodynamic polarisation was carried out once the 48 h EIS test was completed. Figure 7 shows the potentiodynamic polarisation diagram for all coatings in 3.5 wt.% NaCl solution at ambient temperature. A change of potential to more positive values can be observed from the matrix to the coatings with silica nanoparticles. This change is more noticeable for the coating containing functionalised silica
nanoparticles. An increase in anodic current of one order of magnitude can be also observed from the matrix to the coating containing non-functionalised silica, and similarly, the coating with functionalised silica presented an anodic current one order of magnitude higher than the coating with non-functionalised silica.
Corrosion current density is usually associated with defect density, which is related to the pinholes or imperfections which can be form during coating deposition and curing. Figure 8 shows the defect density values, which were calculated using the following relation [66] :
where P is the defect density, Rps is the polarisation resistance of the substrate without any coating, Rp is the polarisation resistance for each coating, Ecorr is the corrosion potential difference between the substrate and the coating layer, and a is the anodic Tafel slope. Figure 8 indicates how the nanoparticles reduce the coating defect density which in turn influences the corrosion protection offered by the coating. Figure 9 is a representation of the influence of roughness (Ra) on defect density, water uptake and corrosion resistance. Previous work [54] showed the evolution of the water uptake and the corrosion resistance over time. Rcorr is the corrosion resistance of the coatings (in .cm) and Qcoat is the coating capacitance (in F/cm), which can be associated with water uptake or entry of the electrolyte into the coating [67, 68] . Our previous work [54] showed that the addition of silica nanoparticles led to lower values of coating capacitance compared with the matrix alone, but with the incorporation of functionalised silica Qcoat values were even lower. Regarding the corrosion resistance, it was observed that the coating with functionalised silica nanoparticles presented the highest values of Rcorr. Figure 9 shows that the coating matrix presents higher roughness and higher defect density than the coatings with nanoparticles, these defects could act as gateways to the entry of the electrolyte in the network structure leading to increased water uptake and less protective
properties. The introduction of unfunctionalised silica nanoparticles lead to a decrease in roughness, defect density and water uptake (Qcoat) which increases the resistance of the coating to corrosion (Rcorr). However, when functionalised silica is incorporated to the sol-gel derived matrix, a further enhancement is observed, presenting this coating with the highest corrosion resistance values, as reported previously [54] . These results are in agreement with data found in the literature where samples with higher roughness led to less protective coatings [64, 69] .
Sol-gel coatings usually possess pores or defects after curing and the addition of silica nanoparticles can assist in filling or reducing the potential for stress related cracking, but also can enhance the network density and the compatibility between the nanoparticles and the hybrid matrix which could be a possible mechanism for the improvement of the corrosion resistance. While lowering the defect density, the water uptake will decrease due to the reduction in the ion-conducting paths in the coating which will help to improve coating microstructure and have a positive effect on corrosion protection.
However, this reduction in stress related cracking and defect density is not just influencing corrosion features but also this improved coating microstructure is having an effect on the fracture resistance and mechanical properties of the resulting coatings, as can be observed from Figure 10 . Figure 10 shows a diagram used to evaluate both mechanical and corrosion protection characteristics. It can be noticed that the improvement in mechanical properties with the addition of functionalised silica: decreased roughness, increased hardness, increased
Young's modulus, decreased brittleness and increased toughness, have a positive impact on the corrosion protection of these coatings. The sol-gel based matrix presented higher degree of roughness and also higher defect density which can affect negatively fracture resistance since defects can act as flaws causing stress and lowering fracture resistance. The incorporation of silica nanoparticles, particularly the functionalised silica, showed lower values of both roughness and defect density and improved mechanical properties. Both the hardness and elasticity of the coatings with functionalised silica nanoparticles were increased possibly due to the enhanced nanoparticle distribution and network density which led to a more resistant material. Furthermore, the incorporation of functionalised silica showed to decrease the defect density and increase the toughness. This increase in toughness is also reflected in the decrease in coating brittleness. The decreased stress in the coating and the enhanced chemical bonding between the nanoparticles and the matrix would have contributed to this, which would have led also to both lower water uptake and higher corrosion resistance properties.
Erosion
However, other aspects can affect coating durability. Sand and rain can cause erosion of coatings reducing its durability and applicability. Thus, wear resistance of the coatings has been studied by erosion tests. Assessment of the resistance of all coatings to sand erosion by measuring mass loss after testing is shown in Figure 11 . The addition non-functionalised and functionalised silica nanoparticles improved impact resistance showing these coatings superior erosion resistance compared to the coating matrix. The mass loss was reduced by approximately 80% with the addition of silica nanoparticles, with the functionalised silica showing slightly enhanced erosion resistance than the non-functionalised sample.
Surface morphology images of the coatings after erosion tests are shown in Figure 12 . It can be observed that the coating matrix had multiple areas of the coating removed, with some of the removal in regions where there were very few impacts from sand particles. This could be explained due to the higher brittleness of the coating matrix which could have facilitated the removal of the coating. However the addition of non-functionalised and functionalised silica nanoparticles showed similar removal which was just concentrated at the impinging area.
Profilometry images were taken in order to have a better idea of the surface morphology and coating removal from erosion tests. Figure 13 showed the surface profiles of all coating samples. It can be seen that the coating matrix loses significantly more material than those coatings with silica nanoparticles. This could be explained due to the improved mechanical properties with the addition of silica. The wear resistance of coatings can be related to the hardness and brittleness index of the materials. The incorporation of silica to the sol-gel matrix led to increased hardness and elasticity and decreased brittleness index, which was even more noticeable with the incorporation of functionalised silica. This would mean that this coating is more resistance to deformation and more durable which is in line with the erosion tests results and would explain the decrease on impact damage for the coating with functionalised silica nanoparticles.
The coating with functionalised silica also produced the lowest mass loss after these tests and it can be seen that this coating did not show any noticeable change in appearance, the characteristic transparency remained after the end of the test.
Conclusions
In this paper we have studied both the mechanical properties and corrosion resistance characteristics of a sol-gel based coating with both unfunctionalised as well as functionalised silica nanoparticles.
This study has shown that the introduction of silica nanoparticles to a sol-gel based coating have improved the mechanical properties and also the corrosion resistance. However when these silica nanoparticles were surface treated, the defect density of the coating further decreased and the mechanical properties (hardness, elastic modulus, brittleness and fracture toughness) improved and led to more durable and corrosion resistant coating.
Furthermore, reinforcing the sol-gel matrix with silica nanoparticles increases the erosion resistance of the coatings and led to a mass loss reduction of around 80 %.
It has been demonstrated that mechanical properties and corrosion resistance parameters can be correlated, which is of high importance when looking for industrial application of coatings. 
